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PREFACE

‘% This final report is submitted by the Boeing Military Airplane Company,
Seattle, Washington, This work was conducted under F33615-79-C-2027. Dates
of research were 15 August 1979 through 29 October 1982, Program sponsorship | 3
and guidanc~ were provided by the Aer¢ Propulsion Laboratory (AFWAL/POSH), Air !;
Force Wright Aerongutical Laboratories, Air Force Systems Command, 4
Wright-Patterson Air Force Base, Ohio, under Project 3048, Task 07 and Work
Unit 30480789. Terrell D. Allen was the government project engineer. gf

evaluation of nitrogen-

Work reported in this volume is the experimental
enriched air (NEA) as an aircraft fire extinguishant. Since the work was
SI units were used throughout. The

essentially of a scientific nature,
purpose of this work was, should NEA prove feasible and effective, to provide

background data for the preliminary design of an NEA-based, integrated fuel
tank inerting and fire suppression system, The outcome of the test program
was that NEA did prove to be effective, and the integrated NEA system design
The system design, ard the development of the inerting and fire

was pursued.
suppression system design requirements, are reported in detail in Volume 1 of

this document,

Key Boeing contributors to the NEA evaluation phase of this work were: F. F,
Tolle, program manager, L. A, Desmarais, principal investigator, T. N. Taylor,

P, G. Lichon, and H, M. Fugivog, test engineers.
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1.0 [INTRODUCTION

The overall objective of this contractual effort was the investigation of an
advanced protection system that would enhance the fire safety and
survivability of aircraft. The system visualized was one that would integrate
aircraft fuel tank inerting and compartment fire suppression requirements.
Fuel tank inerting investigations in the past have explored the use of
on-board generated inert gas, and demonstrated technological potential., Among
the features of the fuel tank inerting system is the availability of inert gas
in excess of the need of the airplane during the cruise portion of the flight
profile. This excess could be used for compartment fire fighting, and
provided the basis for this effort,

Tnis program was broken into three tasks to be performed sequentially:

o Tests were to be conducted to determine the effectiveness and
feasibility of NEA as a fire extinguishant. A small scale test
apparatus was to be designed for this purpose, and plans to verify the
small scale results in a larger simulator were to be formulated (Task
I}). This work has been completed.

Preliminary design and penalty tradeoff evaluation were conducted using
NEA and comparisons made with existing compartment fire protection
systems (Task II).

Optimization of an integrated subsystem to reduce weight and provide
multi-function on-board fire protection was accomplished (Task III).

Task II and III work is reported in Volume 1 of this report.

1.1 OBJECTIVE

This report presents the results of the Task [ study, which was designed to

evaluate the use of nitrogen-enriched-air (NEA) produced by an on-board inert
gas generator in extinguishing aircraft fires. It contains:

P o g PSTTRTOT TSRy 1 PN WO B .
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a literature survey

a description of the small scale test apparatus

0

the results of the small scale tests
comments on the feasibility of NEA as an extinguishant
0 a recommendation to proceed with Task II.

o

1.2 APPROACH

Clearly the first step, and a key one, was to demonstrate the utility of NEA
as a fire suppressant. The wnrk began with a study to develop realistic
scenarios for normal and combat related in-flight fires and in that context,
to develop realistic design quantity measurements for the effectiveness of
on-board generated inert gas for fire protection. Valuable background
information was provided by Boeing survivability/vulnerability research on
normal and cembat threats, and on fire safety assessments (both theoretical
and experimental) of the use of inert gases (nitrogen and ritrogen enricned
air) in aircraft designs. Further, Boeing had been involved as a participant
in design effort for the flight test of an on-hoard inerting system for a
C-135. Firally, Boeing exploited knowledge gained under a related contract to
coerate the AFWAL AENFTS, Aircraft Engine Nacelle Fire Test Simulator, and the
Aircraft Fuel Tank Simulator at WPAFB,

The essential new element that is reported in this document is an experimental
evaluation of the utility of on-board inert gas generators 1in fire
protection, The data was developed using a small scale test apparatus at
Boeing's North Field Test Laboratories located at Seattle, WA. A crucial
problem in developing design data ia small scale was to assure that it could
be extrapolated to liarge scale., The salution to scaling problems was an
iterative modeiing strategy (Figure 1).

|
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Figure 1. Modeling Formalism

The activities depicted in the figure are described in the following:

0 Theoretical fire dynamics model formulation brings together concepts
from fluid dynamics, heat transfer, combustion chemistry and the
boundary conditions for the specific problem. The non-dimensional
number of primary concern was determined to be the Damkohler number,

' which relates to fire stability.

{ o A small scale test program was formulated to confirm the theoretical
formulation of fire dynamics.

o A small scale apparatus was designed, and instrumentation was chosen to

! collect the necessary data. {4
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o Data was reduced using the concept of the Damkohier number, and
processed by computer programs to oprovide parametric plots and

equations.

0 The reduced data was formulated to permit evaluation and optimization
of design alternatives for fire extinguishment, ff.

In exploring nacelle and compartment fires, a small number of scenarios were
used to develop a reasonably comprehensive understanding of fire phenomena
using the small scale experimental facility, For a nacelle fire (as distinct
from an explosion) to be damaging, a flameholding mechanism is required to
prevent fire blowout in the highly ventilated engine compartment; the choice
of a flameholder, and modeling of flameholder action was taken from earlier
USAF engine flameholding studies (Reference 1). Flameholding is much less i
significant for compartment fires where the fire 1is sustained by free gi
convection (because of relatively low ventilation rates); a different type of {3
i

modeling was therefore required.

Experiments were planned to develop a comparison of several extinguishants
(including inert gases) in satisfying fire suppression requirements, and to
validate the analysis. [Initially it was thought that the differences between
forced (nacelle) ana free convection (compartment) fires and the dimensions of
the compartments, would require the construction of two experimental devices.
It was subsequently found that only one test device was needed providing its
orientation could be changed. Task 1 activities extended cver a period of
§ fifteen months, providing the time for interplay betwean literature research,

modeling, experiment and reporting,

The predictions of the small scale nacelle fire model were to have been
confirmed in the large scale engine nacelle test facility at WPAFB during Task
I. Due to facility availability, cnly limited testing of nitrogen was

performed in the large scale nacelle sim.lator,

3
I




1.3 BACKGROUND

An extensive survey of the literature was conducted as an initial step, The
data gained from this survey were combined with Boeing experience related to

fires experienced as a result of combat operations, and those encountered in
norma) operation. The fire scenarios that developed were used to guide the
design of an economical small scale fire test apparatus.

1.3.1 Literature Survey
The primary thrust of this survey related to the use of nitrogen and nitrogen

enriched air for fire suppression and control., Emphasis was placed on
extinguishment  characteristics, advantages, limitations and areas of
utilization, In total 34 documents were reviewed and summarized; the
resultant survey appears in Appendix A, Section Al.0.

1.3.2 Fire Scenario Development

A survey was conducted of military and commercial experience in terms of
direct causes of aircraft €ires, including causes that are encountered in both
normal and combat operations. The fire scenarios developed in Appendix A,
Section A2.0, were used to guide the design of the small scale test
apparatus. Table 1 summarizes the findings on fire sites, fluids involved,
fuel phase, and ignit:on source, Table 2 lists the most likely combat threats
and the associated damage.




Table 1. Fire Scenartios

Type of Fire Ignition Source
Engine Nacelle: JP-4, Jet A, hydraulic fluid, lube oil

Pool Spark
Stream Hot Surface
Spray Spark
Spray Hot Surface
Spray and Flameholder Spark
wheel Well: Hydraulic fluid
Spray Hot Surface
Weapons Bay: JP-4, Jet A (stream); hydraulic fluid (spray)
Stream Fragment Impact Flash

Stream Incendiary

Spray Fragment Impact Flash

Spray Incendiary
Electrical/Electronics Bay: electrical

Electrical Short Spark
Cargo Bay: Cargo load

Standard Cargo Spark
Wing Cavity: JP-4, Jet A, hydraulic fluid, lube oil

Pool Spark

Spark Spark

Spray and Flameholder Spark

Table 2. Combat Damage Survey.

Type of Fire Ignition Source
120 grain fragment 0.4" x 0,5"
12.7 mm API 0.509" diameter
14,5 mm API 0.590" diameter

23 mm API 0.907" diameter

23 mm HEI max., attainable

Ty o P |~y T
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2.0 TEST PROGRAM

This section describes the design of the test facility and the development of

test procedures,

2.1 Small Scale Simulation Considerations
Simulation of the fires of concern need not duplicate exactiy the actual event
in all cases. For example, the fire scenarios show a number of short duration
ignition sources. For these cases, any experimentally convenient ignition
source, such as a spark plug or a hot wire, could be used to initiate the
fire, and then turned off. 0On the other hand, hot .,urfaces represent
continuing sources of ignition energy. The energy could be expected to
stabilize a fire by reducing chemical reaction time and the surface provides a
Thus an actual hot surface was felt to be necessary.

re-ignition threat.

Other factors which appear relevant in the literature cannot be directly
simylated in small scale, indicating that scaling would not be feasible., Some

of these are:

o hot surface dimensions are likely to exceed those possible in a small 1

scale device

in engine compartments ventilation spaces are

the air flow passages
complex; area variations and the presence of multiple flameholders will

require large scale test fixtures

into engine compartments from relatively

extinguishants are injected
few points (4 to &); non-uniform agent distribution cannot be well

simulated in small scale

o fuel residence times in the small scale apparatus are insufficient to

completely vaporize the fuel

altitude effects due to density and temperature variation



It is apparent that tests designed to investigate these factors should be
performed to extend and verify the results of the small scale program. This ;
is the purpose of the follow-on large scale tests to be carried out by the j

USAF in the Aircraft Engine Nacelle Fire Test Simulator (AENFTS) located at ¥
Limited testing in the AENFTS was conducted and the | 4

Wright-Patterson AFB.
results are discussed in this report.

Drawing on the various fire scenarios described in the |iterature, a number of
observations were made. In an aircraft compartment, release of a variety of
If ignited, a quiescent or turbulent flame may result from
A crack or leak in a line or

fuels is possible,
any one of several distinct modes of combustion,
container can iead to a spray (high pressure fluid source} or stream (low
The combustible may collect in a

pressure fluid source) of combustible fluid.
puddle, or burn completely within the compartment cavity with or without

contact with the walls. A variety of ignition sources were obvious -~
Since local environmental

electrical, hot surface, incerdiary, friction, etc.
effects were expected to have a strong influence on extinguishant behavior,

the fire test fixture had to simulate a variety of aircraft compartments.

2.1.1 Compartment Simulation X
The fire scenario study results appeared to require the simulation of two
In the first, forced convection plays a major role,

classes of compartments,
while in the second, free convection plays the major role,

2.1.1.1 Forced Convection Fires
Engine nacelle ventilation was characterized by high primary air flow rates,
Airflow velocities around engine

large modern transports
At altitude, the Vighter

with total mass flows of up to 16.0 kg/s.
hot sectiors during takeoff range from 3 m/s on
(767/CF6-80) to 6 m/s in fighters (F-111/TF-30).

ventilation flow velocities cdan reach 53 m/s at 10,670 m and Mach 0.75 and 75
m/s at 16,760 m and Mach 2.2 (F-111/TF-30)., 1In these spaces, a variety of
fires can occur and the following design selections were made for simulation

purposes:




a square container whose fore and aft walls were of

o Pool Fire -
The

adjustable height and spaced to hold liguid fuels was selected.
wall height arrangement which produced the most stable fire was to be
experimentally determined as the standard for extinguishant evaluation,

Spray Fire - standard home heating oil nozzles provided suitable fuel
The nozzles faced downstream and

The low vapor

flow rates in the region of interest,
a flameholder was required to stabilize the fires,
pressure of the fuels presented a problem, and considerable effort was

expended in achieving an intense stable fire,

rectangular section heated by calrod units

Hot Surface Fire - a small
provided the means for investigating the relation of fire stability to

! the hot surface temperature, fuel flowrate, and primary air flow rate

‘ in regions around engine hot sections, The hot section acts as a
"z"-section placed at the upstream

continuous ignition source, and a
end of the surface provided a flameholder,

; 2.1.1,2 Free Convection Fires
' If the dimensions of a compartment are large, and ventilating flow velocities
the dominant | g

i are low (~ 1 m/s) free convection induced by the fire is
in fire stabilization., Free convection velocities can be roughly

influence

approximated by
= véTj where g

1

acceleration of gravity, and
typical vertical dimension,

\'
free

Wheel Well

Wheel wells exhibit a medium ventilation mass flowrate, roughly 1 kg/s. The

heated surface described earlier was used to simulate a hot brake condition.
in the nacelle test series, fuel could be

Using the spray nozzle chosen
sprayed onto the hot surface where it would ignite spontaneously.




Weapons_Bay
The ventilation flowrate of the weapons bay is similar in nature to that of

the wheel well, However, the weapons bay compartment fire testing was
considered tc require combat damage simulation.

Electrical/Electronics Bay

Airflow through this kind of compartrent is relatively low, about 1.36 kg/s.
Because the principal fuel is expected to be electrical insulation which burns
slowly with moderate energy release, it was concluded that agent
concentrations capable of handling JP-4 hot surface fires would also handle
electrical fires. No specific tests of electrical fires were conducted.

cargo

The cargo space is a large volume, but experiences a low unit airflow, about
1.1 kg/s. In the past, fire extinguishant tests for cargo aircraft have
employed “"standard" pieces of cargo such as curled shreds of wood used for
packaging, It was felt that these fires were not as severe as liquid fueled
fires, and no simulation was carried out.

Wing Dry Bay
Wing dry bays normally experience little or no ventilating airflow except that

due to pressure relief, However, damage to the dry bays could result in
ambient air entering the bay, thus supplying oxygen to a fire in that area,
1f bleed air, hydraulic or fuel lines running near or through the dry bays are
also damaged, hot air or escaping combustible fluids may contribute greatly to
a fire in the bay. Migh temperature incoming air combined with a fuel spray
would create the effect of escaping bleed air in the test chamber, with

velocities low enough to simulate a large, poorly vented compartment.
Raference 2 notes that compartment pressures resulting from exterior damage,

that is, whether a positive or negative pressure is produced, is dependent on
the angle of attack and on the type of damage (see Section A2-2). For
purposes of this study, air addition to the fire site appeared to be the more
severe situation in terms of fire stability and thus was modeled,

IR e g 4 w00

g e




2.1,2 Simulation of Fuel Variables
Tne smali scale fire test facility was required to be capable of simulating a

variety of fuel-related variables, The range of each of <the following
. veariables was conditioned by fire scenario specifications and facility size:

. o ventilation rate {(ncrmal operation and combat damage)

¢ fuel type (JP 4, Jet A, MIL-H-5606, MIL-L-7808)

fuel flow rate

tuel loading condition {pool, low and high pressure sprays)

[

temperature (air and hot surface)
preburn time
flameholders

2 © o © o 2

tgnition sources

2.1.3 Simulation of Extinguishants
. Fire extinguishants of several types (Halon 1301, C02, gaseous and 1iguid
. nitrogen) were tested to establich a baselina data set against wnich NEA couid
be compared. It was found possibie to predict NEA performance from GN?

results; the prediction technique was experimentally verified and proved
instrumental in greatly reducing the test regquirements, The faollowing agent
variables were considered 1in the 1light of present and fuyture airplane
operations:
o concentration
air fiow rates

o
0 test section turbulence
o time to extinguish

0

dispersal means

2.2 SMALL SCALE FIRE TEST FACILITY DESIGN

is a need foar considerable cooling air flow,

In engine compartments, there
with velocities exceeding 3 m/s; engine bay fires are dominated by this air

flow. 0On the contrary, most other compartments are designed for little or no

through velocity, and fires are dominated by free convection effects., After

considerable study, it was concluded that one test fixture could adeguately

= i g 1 tim
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model all the compartments., (Assembly and installation drawings can be found
in Appendix B8.) The final configuration involved a rectangular, 15.24 x 30.48
x 60,96 cm, test section. The long axis of the test fixture was aligned
horizontally to simulate engine compartment fires, and aligned vertically to
simulate other aircraft bays (Figure 2).

Referring to the horizontal orientation of the test section shown in Figure 3,
removable plates were provided for the top and bottom surfaces; vertical sides
were provided with two windows per side for viewing and photography. The
removable top plate gave access for installation of test equipment and
instrumentation, The bottom plate was replaceable with one of four
interchangeable sections, configured to:

o support a pocl container with adjustable height walls and fuel feed

o provide a flameholder and noz:zle fittings for spray fire tests

0 contain wire wound resistance heater elements with an effective heated

area of 15,24 x 22.86 ¢m
o provide a blank plate for use as necessary

A1l removable sections and the viewing windows were held in place with
spring-1oaded clamps (Figure 4) which permitted m: vement to accommodate
thermal expansion. This feature was also intended to provide a measure of
emergency pressure relief in the event of incipient explosions. The windows
were made of 0.64 cm thick Pyrex, set into individual frames, and isolated
from the test section metal by gaskets made of Guard Board (an asbestos

substitute) in order to minimize thermal stresses on the glass.

Stainless steel, type 304, was selected for fabrication of the test and
transition sections on the basis of its strength, ductility, and corrosion
resistance. In addition, austenitic stainless steels, such as 304, retain
their desirable mechanical properties at both cryogenic and elevated
temperatures (approaching low red heat or 650C), and since both extremes were
likely to be encountered durng testing, seemed the most suitable for this
application {Reference 3).

12
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Two ignition sources were planned -- an electric spark, and the hot surface.
With the quantities of fuel involved, and the difficulty of igniting some of
the flyids (notably engine 1lubricating o0il) the spark was founc
unsatisfactory. It was replaced by a coil of Nichrome wire, powered by 50 3 'i
yDC. During a test sequence, the power was turned on and left on until . g
ignition occurred; this sometimes involved a considerable period of time, as '; ‘f
in pool fire tests with lubricating oil where the pool itself had to be heated ;
to a relatively high temperature before ignition took place., The Nichrome 3

coil ignition source was found to be positive, simple and inexpensive.

2.2.1 forced Convection (Engine Bay) Fire Test Apparatus

The test section was installed in a hazardous test cell at North Boeing Field,

and was supplied combustion air from the wind tunnel supply liines at the

site., After passing through an array of control valves and flow meters, the

air entered the apparatus through a 10.16 cm inside diameter circular pipe,
' and from there flowed into an extinguishant mixing section. The extinguishant . SN

mixing section was 49.64 cm long and 10.16 cm inside diameter; two sets of g

eight holes were drilled in the mixing section circumference. As finally
configured, one set of holes was plugged. The remaining set of holes was
connected to a manifold which circled the mixing section (Figure 5);
extinguishant was thus injected radially from the manifold into the airstream 5& |
{ after flowing 20,32 c¢m downstream of the manifold, the air entered a 78.74 c¢m -%’ i
long diffuser/transition section. This section converted the 10,16 <¢m f? -4
circular section into the rectangular test cross section, increasing the flow {7 i
area by a factor of 6.7, and thereby reducing the velocity by the same 4
factor. The test section was supported laterally by two 2.54 cm steel bars
welded to the bottom of flanges at either end of the test section. As :f- v;
instatled, one bar rested in a notch and the other bar rested on a flat ' )
surface, thereby providing opportunity far thermal expansion of the test é'
section. ({See Figures 3 and 4, already cited.) The exhaust from the test 5:
section flowed through a 1.8 m long duct, turned through a 90° elbow an-
& vented through the test cell roof. A sump and drain were provided to remove

liquid fuel accumulations from the exhaust region.
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2.2.2 Free Convection Fire Test Apparatus
For the simulation of bays other than engine bays, the test section was

rotated through 90° (Figure 6). Air was again introduced into the test
apparatus through the 10,16 cm inside diameter circular pipe and the
extinguishant mixing section (described in the preceding paragraph). The air
then entered a short transition section which turned and at the same time
diffused the flow to enter the test section., A floor plate (see Figure 27 in
Section 3,2,1) was inserted between the transition section and the test
section, The 10.16 x 10.16 cm square pool was located in the center of the
floor plate. Twelve slots 0.50 c¢cm wide x 4.00 cm long were cut into the floor
plate to simulate compartment ventilation or leakage. The test section was
supported by the same bars as described in the preceding; the method of
support is shown in the Installation Drawing {Appendix B, Figure B-1).

2.2.3 lnstrumentation and Control
Figure 7 is a schematic of the flow and instrumentation used in the tests, and

contains the key to the symbols; Appendix C 1lists the instrumentation
characteristics.

Air_Supply System

Referring to Figure 7, air temperature could be increased by a heat exchanger
in the wind tunnel air supply with & capability of raising air temperature t.
260C. Depending on mass flow required (Figure 8) the air next transits either
a 3,81 ¢m or a 1,91 c¢cm line, each of which contains a flowmeter (PASS-FN-1A or
B). At 20C and 2.0691 MPa line pressure, the smaller pipe provided a mass
flow range from 0.1134 to 0.4535 kg/s, whiie the larger line provided from
J.4535 to 0,7936 kg/s.

Extinguishant Supply System

The COZ’ LN2 and Halon 1301 extinguishant supply containers were susgence.
from 2268 kg load cells, (ESS-W-2,3,4, Figure 7); while the GN,, supply
rested on an electronic scale (£SS-W-1, Figure 9) providing mass flow rats
measurement of the higher GN2 flow rates. At the lower flow rates, the

volumetric flow rate of Halon 1301 was measured by a rotameter (ESS-¥I-1,

17
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Figure 8. Airtiow Supply

Figure 9. Extinguishant Supply




Figure 10). It was also found necessary to employ an expansion tank in series
between the Halon 1301 container and the supply line to the extinguishant feed
system to insure that the Halon 1301 was in a gaseous state. The bottle
(Figure 11) was supported on the Halon 1301 container, so that the load cell
could record gas as well as liquid depletion. (If the Halon 1301 was not
pre-vaporized, unsteady two phase flow occurred which made it impossible to
control or measure flow rate,)

Fuel Supply System

A)1 fuel supplies were located outside the test cell (Figure 12); the
hydraulic supply was a standard flight line hydraulic cart. Fuel temperatuie
and pressure were measured with standard instruments. Although a rotameter

was provided (Figure 12) to measure fuel volumetric flow for pool flow supply,
its capacity was exceeded by the fuel flow rates which were standardized for
spray fires, Accordingly, flow rates through the fuel nozzles were
calculated, using standard orifice flow techniques to account for viscosity,
density and pressure effects, The fuel spray nozzles were calibrated with
JP<4 by weighing the volume accumulated over a measured time at a glven
pressure,

(as Analysis System
A sampling tube located at the entrance to the test section was used to

withdraw samples for analysis. A Beckman Model 0260 Oxygen Analyzer was used
to measure oxygen concentration in the flow, while a Miran Model 201 Ambient

Air Monitor was used to measure Halon 1301 and C02 concentration. These

instruments were used to establish uniformity of extinguishant mixing at the
test section entrance cross-section, and to check other primary methods
(flowmeters, electronic balances, etc.) of measuring gas composition,

2.2.4 Data Acquisition

Automatic data recording was used for all essential temperature, pressure and
other transducer generated signals, Output was recorded at a station outside
the test cell (Figure 13); a heavy armored glass window provided viewing of
the test section through the test section windows. Microphones and headsets




Frgure 11. HALON 1301 Expansion Tank




Figure 12. Fuel Supply
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Figure 13. Data Acquisition System
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allowed communication between the test engineer controlling the experiments
and recording data, and his assistant inside the test cell, Automatically
recorded data was output in millivolt form on a “grocery tape" for later
Some values, as from rotameters, were recorded manually onto a

reduction,
strip chart which continuously and automatically tracked:

o ignition indication
temperature on the hot surface

0
0 oxygen percentage 3
o load cell reading during each test run .

2.2.5 Test Procedure
The sequence of events was to start a fire at low primary air velocities and
fuel flow rate; increase air flow and fuel flow to desired values; adjust air
temperature and gradually build up agent flow rate wuntil the fire
extinguished, This starting sequence was used to ease the ignition problem.
From a safety standpoint, if ignition did not occur within several seconds of ;
flow, fuel flow was cut off and ignition terminated; air flow :j

start of fuel
was continued to purge vapors, and drains were opened to eliminate liquid fuel

from the test section,

After determining the agent concentration required to extinguish a fire by
the fire was re-established and agent was

gradual increasing flow rate,
released at the rate previously found to extinguish the fire; fire 'q

extinguishment within 4 seconds was required. This step was taken to better
ir

simulate actual extinguishing events, where agent flow increases ¥
Tests were also performed in i

discontinuously from 2ero to full flow rate.
which the agent flow time was limited to as little as one second to determine

relationships between concentration, flow time and effectiveness.

Prior to actual test initiation, each of the various systems -- air, fuel

} extinguishant, and data acquisition -- was operated for the purpose of
function verification and instrument calibration, €tach test point required
the selection of a number of conditions, and identification of the test run

variable; as an example:




Compartment engine nacelle (forced convection)

Ignition Source hot surface, 788C
Flamenolder Employed z-type I3
Combustible Material Jp-4 |
Fuel Loading Condition high pressure spray, 3.0 1/s é’
Extinguishant Type Halon 1301, uniformly mixed i
Air Temperature 93C {
Air Flowrate 6 m/s ;,
;_

Typically, these scenario conditions were then repeated for testing of each of
the other extinguishants, Data was produced by the test engineer according to
instructions as indicated in Table 3. Specifics on the procedure used with i
different types of fires can be found in Appendix D, ;‘

Table 3. Reccrded Data.

ENTER:
Run Nymber !
Scenario Identification
Fuel Type
Extinguishant Type
Flow Tube Size

RECORD:
Primary Air
delta pressure (PASS-P1-2A/B)
static pressure (PASS-PI-2A/B)
temperature (PASS-TI-1A/B)
Test Section Air Temperature (TSS-TI-1)
Fire Region Temperature (TS$S-TI1-2)
Hot Surface Temperature (TSS-TI-3) (if applicable)
Fuel
pressure (CFSS-PI-1)
temperature (CFSS-TI-1)

' o e Pt Y
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Extinguishant
supply pressure (ESS-PI-1A/B/C/D)
delivery pressure (£SS-P1-2)
temperature (ESS5-TI-1)
weight flow (ESS-W-1,2,3,4 or ESS-FI-1)
Extingquishment Time

Percent QOxygen

2.2.6 Facility Safety Features
Due to the potential hazards associated with the combustibles involved,

preventative measures were taken to minimize the potential for damage to the
facility, and to guarantee the safety of test personnel.

Prevention by Design

Tests were conducted in a hazardous test cell located in the Propulsion Fuel
and Engine Test Laboratory. This cell was constructed specifically to house
tests of a hazardous nature, and includes a number of built-in safety features

0 a water flooding system

o an exploasion-proof electrical system
0 a large ventilation fan

o test cell ceiling blowout panels

Prevention by Procedure
Safety precautions taken included:
0 storage of combustibles outside the test building

0 activation of ventilating fans during test runs

o exclusion of test personnel from the test cell during familiarization
activities

o a minimum of two complete air changes after each test to eliminate fuel
vapors

0 drainage of sumps tou eliminate residual fluids after each test

o electrically grounding all metal components to avoid static discharges

In addition, a staff engineer prepared a detailed plan for each test series
and a test engineer assured rigorous adherence to the plan,

26
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3.0 TEST RESULTS

Data was required which would allow evaluation of a variety of extinguishants
in a range of scenarios. The method of evaluation was a comparison of agent

concentration versus test section velocity for a given scenario. The
essentially limitless number of test conditions had to be narrowed to a number
which was manageable, Nine test variables were identified, and the maximum

planned number of variations was established (Table 4).

Test Variables,

Table 4.

Variable Variations

N

Compartment Type

| Fire Type

! Ignition Source
flameholder
Fuel
Fuel Flow Rate
Air Temperature
Air Flow Rate
Extinguishant

N N W M NN S

More than 104 data points would be reguired if all possible combinations had
been evaltuated. It was possible to reduce the test matrix size, by noting

that:

the primary fuel of concern was JP-4, and extinguishants 1in the
preponderance of the tests were GN2 and Halon 1301

6 while five airflow rates were initially necessary to establiish trends,

three were considered adequate as experience was gained with simulated

engine compartment fires
o pool fires required no flameholder and only one ignition source

spray fires always required a flameholder
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fire intensity and stability were expected to be either insensitive to
rate, or be maximal at a flow rate that could be

fuel flow

experimentally discovered
free convection tests would be limited to one or two air velocities

These fires

The results from the engine fire simulation are discussed first,
flow velocities which dominate free convection

are characterized by air
effects at all but the lowest velocities; extinguishants were mixed into the ' 3

air flow upstream of the fire site to provide a uniform dispersion of agent.
This is followed by a discussion of compartment fires (dry bays, wheel wells, ¥
¥ -

carge compartments) in which free convection plays a dominant role; in these
through a single port in the '

cases, agent was released in two modes --
vicinity of the fire site and also by mixing into the entering air stream.

fight compartment test variables selected were:

fire type -- pool, spray, hot surface, combat damage
fuel type -~ JP-4, Jet A, hydraulic fluid, engine oil, propane gas

fuel flow rate -- 1.0, 2.1, 3.0 and 3.9 1/hr %,
¥

|

|

}

I

]

{

air flow rate -- 0.3 to 1.2 m/s (low), and 1.5 to 30.0 m/s (high)

air temperature -- 20, 93 and 204C
hot surface temperature -- 677, 732 and 788C

plus premixed NEA9

GNZ’

o o o O o ©o O

extinguishant -- Halon 1301, 002, LN2,
to a limited extent

As previously noted, not all combinations of variables in the potential test
The principal fuels emphasized were JP-4 and hydraulic

matrix were examined.
fluids, after early tests established that these fuels created the more

The principal agents were Halon 1301 because

difficult fires to extinguish,
of its high volumetric efficiency and GN2 because its performance could be

Other variables were tested on the limited
reqard to the baseline

analytically extended to NEA.
basis necessary to establish their status with

variables,




o KUp

held constant, and the incoming air velocity adjusted for each . 3

where

A development of

NData was non-dimensionalized as follows in preparing the data plots:

increase 1in

volume percent NEA as follows:

Ve .
air, NEA v
V%air, GNZ initial

Veorrected ~

calculated volume percent air in the air + NEA mixture

Vhyir, NEA T
V%air, GNZ volume percent air in the air + GN2 mixture

these equations is contained in Appendix E5.0.

= 30.48 m/s, and

o velocity was divided by Vnax
divided by a reference flame

stoichiometric flame temperature was

0

temperature

The resuits in the forced convection test results section are broken down into
In the analysis that follows, no

the different fire types investigated.
attempt was made to extrapolate the data to air velocities below 1.5 m/s,

where it is felt that the fire is no longer dominated by forced convection.

Data in the range below 1.5 m/s more properly falls in the region dominated by

free convection, discussed in Section 3.2,

3.1 FORCED CONVECTION (ENGINE NACELLE) FIRE SIMULATION

pool, spray, hot

Simulations of four types of engine fires are discussed;

surface, and combat damage.

3.1.1 Pool Fires
Data was taken at the test conditions shown in Table 5; test run numbers are

in parenthesis for reference to the data plots in Appendix G,
The parenthesis notation will be used throughout

indicated
Figures G-1 through G-9.
Section 3.0, indicating test number.
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held constant, and the incoming air velocity adjusted for each increase in
volume percent NEA as follows:

Ve, NEA

vcor'rected TV

Ve iei.1s
iair, GN2 initial

where
o . L . . ]
Vﬂhir' NEA calculated volume percent air in the air + NEA mixture '3
V%air, GN? = volume percent air in the air + GN2 mixture

A development of these equations is contained in Appendix £5.0.

Data was non-dimensionalized as follows in preparing the data plots:
o velocity was divided by Voax - 30,48 m/s, and
o stoichiometric flame temperature was divided by a reference flame

temperature

The results in the forced convection test results section are broken down into - .
the different fire types investigated. In the analysis that follows, no {;_
attempt was made to extrapolate the data to air velocities below 1.5 m/s, .
where it is felt that the fire is no longer dominated by forced convection.
Data in the range below 1.5 m/s more properly falls in the region dominated by

free convection, discussed in Section 3.2. ¥
3.1 FORCED CONVECTION (ENGINE NACELLE) FIRE SIMULATION

Simulations of four types of engine fires are discussed; pool, spray, hot

surface, and combat damage,

3.1.1 Pool Fires

Data was taken at the test conditions shown in Table 5; test run numbers are
indicated in parenthesis for reference to the data plots in Appendix G,
Figures G-1 through G-9. The parenthesis notation will be used throughout

Section 3.0, indicating test number,




Engine Pool Fire Matrix,

Table 5,

204C

FUEL/AIR TEMP, 20C 93C

JpP-4 GN, (106,114) GN, (115) GN, (116)
€0, (105) Co, (117)
Halon 1301 (104)

LN, (113)

GNZ (101)
C02(102)
Halon 1301 (103)

MIL-H-5606 GN2 {167)
CO2 (111)
Halon 1301 (109)

MIL-L-7808G GN2 (112)
CO2 (111)
Halon 1301 (110)

fire simulation was accomplished using a 10.16 ¢m x 10.16 c¢m pool (see

fastened to the floor of the test section,
The height of the fore and aft walls

Pool
Figure 14) which was
downstream of the test section entrance.
of the pool was 1.27 cm, and the side walls 2.54 c¢cm,

the pool through a 5 mm diameter opening in the pool floor.
and thus fuel had to be

depletion during any

Just

Fuels were introduced to
When air velocity

was increased, fuel burning rate also increased,
supplied at nominal pressure in order to prevent fuel
Little difficulty was experienced in ignition of the fuels
using the hot wire ignited as shown, except that the MIL-L-7808G (engine

required heating to a relatively high temperature (about
Once ignited, a stable fire could be

given test run,

tubricating oil)
200C) before ignition would occur,
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Figure 14. Engine Compartrent Pool Contiquration
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maintained at air velocities up to approximately 16 m/s. Figure 15 shows JP-4
fire with air velocity set at 13 m/s, The length of the flame varied with air
velocity becoming shorter as velocity increased. The appearance of the flame
did not change greatly for different fuels, always yellow in color, but became
white as air velocity was increased. The fires became unstable at velocities
above 16 m/s; blow-out velocities of 21, 25, and 18 m/s were determined for
JP-4, and Jet A, and MIL-H-5606, respectively. It is noted that the blow-out
velocity of Jet-A is higher than that of JP-4, when the reverse had been
expected, This suggests that while Jet-A fires are more readily extinguished
in the presence of fire extinguishing agents, they tend to be slightly more
persistent than JP-4 fires in the air velocity range where both fires are
quite unstable. The blow-out velocity for MIL-L-7808G was assentially the
| same as that of MIL-H-5606. When elevated air temperatures were used in
conjunction with JP-4, blow-out velocities of 26 and 30 m/s were encountered
for 93C and 204C air, indicative of reduced reaction time as air temperature
was increased.

1 Based on the volume percent of agent required to extinguish JP-4 pool fires in
a 20C airstream with a velocity ot 1.5 m/s, the ranking of agents (from least
| to most required) is shown in the second column of Tabie 6. Assuming equal

& times during which agent concentration must be sustained to extinguish a
particular fire, the third column of the table reflects relative

il <tinguishment weights required compared to Halon 1301 as a base.

Table 6. Agent Effectiveness in Extinguishing Pool Fire,

AGENT VOLUME PERCENT RELATIVE WEIGHT

4alon 1301 3.5 1.0 y
co, 18 2.0 '
LN, 28 1.8

|
% GN 37 2.3
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The distinction between CO2 and LNZ is bhased on effectiveness tests with
JP-4 fuel in a 20C airstream. Studies at higher air temperatures, where the
cooling action of LN2 might be more noticeable, could cause a reversal of
the placement of LN2 and CO,.

Halon 1301 extinguishant requirements for the four fuels combusted in a 20C
air stream indicate a maximum requirement of 3.5 % 0,5 volume percent when
the results are extrapolated to an air velocity of approximately 1.5 m/s,
independent of fuel type. Lack of dependence on fuel type follows from the
fact that all of the test fuels are hydrocarbons, and from the chain-breaking
action of Halon 1301 in the complex of intermediate products, especially free
radicals, which sustain these fires, Dependence of Halon 1301 requirements on
air temperature was not explored for pool fires,

CO2 extinguishant requirements for the four fuels in a 20C air stream shows
18,0 * 1,0 volume percent to be the maximum at 1.5 m/s air velocity, When
the airstream temperature was increased to 204C, the CO2 requirament showed
no significant increase. The primary action of C02 as an extinguishant is
as a diluent, which reduces the adiabatic flame temperature, and thercby
increases the chemical reaction time,

LN2 experiments werea limited to JP-4 in a 20C airstream, where a 28 volume
percent concentration was shown necessary. The action of LN2 results from
two effects -- that of an inert diluent, and that of a coolant. Both actions
tend to reduce the adiabatic flame temperature, and increase the chemical
reaction time,

GNZ was the most extensively studied extinguishant, and the experimental
data were extrapolated to equivalent NEA flows as shown in Appendix G. The
amount of GN2 required at 1.5 m/s is in the range of 37%, with no
statistically significant dependence on fuel type. Similarly, no significant
trend of GN2 as a function of air temperature was noted; it is likely that

the 1large quantities of GN, required reduces the temperature of the
air/GN? mixture entering the fire site so as to render fire intensity a very
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slowly changing variable with respect to air temperature at the extinguishment i 3
condition, NEA results were obtained by extrapolation of GN2 results., ’>
Calculations were made for 3, 6, and 9% oxygen content NEA, denoted NEA3, ia
NEA6. and NEAQ, respectively, Working from the values of GN2 required, |
the following were obtained for a 20C airstream,

NEA Required to Extinguish Pool Fires (20C Airstream)

Table 7.

Air Velocity (m/s)

Agent Vol % 1.5 2.0 3.0 =

37 32

GN

2
NEA3 41 37 31
NEA6 48 43 35
NEAy 57 51 41

3.1.2 Spray Fires

Two developmental steps were required prior to spray fire test
which were (1) to choose a spray/flameholder configuration, and {2) to
establish a matrix of test conditions, Candidate flameholder shapes included
a cylinder, 1.27, 2.54, and 3.81 cm solid 90° angle iron sections, and
flameholders were mounted

initiation,

perforated angle irons of varying thickness. All
in the center of the test section. Flameholders were tested in

vertically
combination with fuel nozzles of varying capacity and spray angle to determine

a configuration which would sustain a stable flame at the highest test section

velocity., When the nozzles were Tlocated upstream of the flameholders at
no configuration could be found that would

distances of 7.6 and 15.2 cm,
sustain a stable flame at velocities greater than 4 m/s, much lower than those
insufficient

encountered in the pool testing. It was concluded that
quantities of fuel were able to reach the flameholder recirculation zone, The
in which the spray nozzle was inserted

last configuration tested was one
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through an opening in the apex of the flameholder (see Figure 16). It was
found that fires became very stable and that when a fuel flow rate of 4,21
1/hr was used, the flame could not be blown out at any velocity within the
capacity of air supply system. Thus on the basis of flame stability this
configuration was selected for the spray fire extinguishant investigation.

The matrix of test conditions, including the test fuel flow rates, was next
determined, Although the fire could not be blown out at the 3.0 1/hr fuel
flow rate (nozzle capacity rating), blow-out could be achieved at lower fuel
flow rates, The procedure used to determine blow-out velocity of JP-4 and
MIL-H-5606 as a function of fuel flow rate was as follows:

o air velocities were established at intervals between 2 and 22 m/s

o0 at each air velocity setting, a fire was established at the maximum
fuel flow rate (4.29 1/hr fuel)

o fuel flow rate was lowered by reducing fuel delivery pressure until the

blow-out occurred,

Results of this procedure are shown in Figure 17 for the two fluids tested,
JP-4 and hydraulic fluid.

il
NO COMBUSTION
-—
m -
—_—
COMBUSTION
OCCURRED
X
T Bk
R HYORAULIC FLUID
£ {MIL4-6808)
[ 4
:
« 0k
<
' b
° . . A
(4] 10 20 o 4.0

FUEL FLOWRATE, 1/v

Figure 17. Blow - Out Test Results for JP - & and MIL - H - 5606
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Four fuel flow rates were selected within the test section blow-out range:
1.04, 2.12, 3.04, and 3.90 V/hr. At each of the selected fuel flow rates,
potential air velocity test points were selected at 20, 50, and B0% of the
blow-out velocity, As an example, the selected test points for JP-4 are shown

in Figure 18,

The appearance of the spray fires was similar at each of the upper three fuei
flow rates, but at the 1.04 1/hr flow rate the fire appeared unstable, Flames
filled the full height of the flameholder; it was not possible to determine
visually (Figure 19) the width of the fire plume, Observation of the
hydraulic fluid fires was hindered because considerable unburned fluid
accumulated on the windows, Inspection showed that partially combusted fluid
deposits adhered to the test section surfaces (Figure 20). No such
accumyliation was noted during the combustion of JP-4,

in Table B, plotted data is

NData was taken at the test conditions shown

contained in Figures G-10 through G-21.

Engine Spray/Flameholder Fire Test Matrix

Table 8,

AIR TEMPERATURE

FUEL PRESSURE (kPa)

276 443 1690 ,
J00-4 GN, GN2 GNo GN2 GN> 3
(203) | (204) ‘3

€Oz
(205)

Halon ]
1301 | 1301 1301 | 1301 3
(206) | (207) (212) | (213) g

MIL-H-5606




!
i
i
1

3.
ok

N

PO e e it e T ]
]
or NOFIRF—--/—*/FIRE i
5 ‘ 1
€ P4 BLOW OUT a0 |
wi
v |
x 10
: F
> |
x| 50%
« |
.

FUEL FLOWRATE, 't

Figure 18. JP-4 Spray Test Ajr Velocity Seiection

.

* LN

Figure 19. Hydraulic Fluid Spray Fire
40

|
|
I
|
|
|
{




e

4

o 2

Figure 20. Test Section Appearance Followiny Hychrauli, Fluid Spray Test

A




Based on the volume percent agent required to extinguish JP-4 spray fires in a
20C airstream and at 1.5 m/s test action velocity, the ranking of agents is
showr in the second column of Table 9. Assuming equal times to extinguish a
particular fire, the third column of the table reflects relative extinguishant
weights required compared to Halon 1301.

Table 9, Agent Effectiveness in Exinguishing JP-4 Spray Fire.

AGENT VOLUME PERCENT RELATIVE WEIGHT
Halon 130) 3 1
CO2 25 2.5
GN, 48 3.0
LN2 Not tested --

The Halon 1301 data indicates agent requirements nearly identical to those
required for pool fires, with no significant variation with fuel/air ratio,
fuel type or airstream temperatures. The chain-breaking action of Halon 12301
dominates any possible diluent effect which might arise from agent
concentration increase,

Limited testing of CO2 was conducted at a fuel flow rate of 3.0 1/hr in a
20C airstream., The agent concentration requirment was 25% higher than
required to extinguish a JP-4 pool fire, The difference probably derives from
the larger fire volume and higher temperatures achieved in the case of the
spray fire.

GN2 requirements to extinguish JP-4 in a 20C airstream were some 33% greater
than for the pool fire. The volume percent of oxygen in the mixed air/GN2
stream was some 11% higher than the level of 9% generally considered necessary

for ignition or sustenance of a fire, indicating that reduction of residence

time is of assistance in extinguishing fires,
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There is some evidence of dependence of fire stability on fuel flow rate.
Using JP-4 at 1.0 1/hr, the fire appeared to be unstable on the basis of
visual observation and the data plots of run 201, The slope of the line
(which is usually indicative of activation energy) on the plots is obviously
different. At 2,1 1/hr, the fire was much more stable, although the data
plots for run 202 show a slope discrepancy compared to higher fuel flowrates,
At fuel flows greater than 3.0 1/hr, the slopes were normal, and extinguishant
requirements snowed only small increases with further fuel flow increase.
Hydraulic fluid tests showed similar tendencies at flow rates of 3.0 and 3.9
1/hr.  In this regard, comparison of runs 203 (JP-4) and 208 {MIL-H-5606) in
air velocity/reciprocal temperature coordinates shows similar slopes,
indicating similar activation energies. These runs also indicate that
hydraulic fluid fires are harder to extingush, although differences in spray
pattern due to viscosity may be the cause.

Air temperature increase from 20 to 121C increases fire stability; blow-out
velocity was increased from 12 m/s to 21 m/s. However, the amount of GN2
required to extinguish fires at air velocities of 2 to 3 m/s was not greatly
changed -- the large amounts of GN2 required to extinguish fires at this
condition (some 50% of the total ¢low) reduces the temperature of the
air/GN2 mixture approaching the fire site, and masks the effect of
t emperature. Halon 1301 requirements were essentially invariant as

temperature was changed.

To obtain NEA data, GN2 data were converted to equivalent flows of 3, 6, and
9% oxygen content NEA, and the results are presented in Table 10 for a range

of airstream velocities.
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Table 10. NEA Required to Extinguish Spray Fires (20C Airstream)

AIR VELOCITY (m/s)

AGENT 2.0
(VoL %)

GN, 48 41 33
NEA, 54 46 36
NEA 59 51 40
NEA, 66 57 44

The datashould not be extrapolated to lower velocities because of potential

changes in the fire physics.

3.1.3 Hot Surface Fires
A high temperature surface presents a continuous ignition source, and as well
contributes energy to a fire sited on the surface. The flameholder for this
fire was fastened to the bottom of the test section, overhanging the hot }i .
surface; it combines with the hot surface to provide a very stable fire site. ¥
As might be expected, the resultant fires are very difficult to extinguish,
The tests were conducted at surface temperatures of 371, 677, 732 and 788C and
at air temperatures of 20 and 93C, using JP-4 fuel as shown in Table 11; data

plots are contained in Figures G-22 through G-29.




Engine Hot Surface Fire Test Matrix,

Table 11.

AIR TEMPERATURE
20C { 93¢

SURFACE TEMPERATURE SURFACE TEMPERATURE

677C 732C 788C 788C

371C

GNp (304) GNy (301) GNy (302) GNp (303) GNp (311)
C0y (305) €02 (306)
Halon (307) Halon (308) Halon (312)
1301 1301 1301

LNZ (304) LNy (310)

The hot surface energy source was constructed with eight 26.04 cm x 0.95 cm
diameter Chromalox high watt density heater elements, each capable of
dissipating 7.29 w/cm2 at a maximum surface temperature of 816C (see Figure
21). Each rod was secured in a semi-circular slot and electrically connected
to a variable voltage, 30A source. Power to the heater elements was
controlled by a VARIAC, whose voltage could be adjusted to obtain a selected
was supplied through the same
with the nozzle oriented

temperature at any test air flow rate. Fuel
3,90 1/hr nozzle wused 1in the spray test,
perpendicular to, and directed toward, the hot surface. The nozzle head was
placed slightly below the edge of the flameholder to prevent fuel droplets
from being blown downstream before contacting the hot surface (see Figure
22). Attempts to introduce the fuel upstream of the flameholder introduced
the same difficulty as in the spray configuration, in which the fuel vapor was
not entrained behind the flameholder in sufficient quantity to allow a stable

fire to develop.
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Figure 22. Hot Surface Spray/Flameholder Configuration

by the hot surface could be readily

It was found that ignition of fuel
obtained at test airflow conditions by initiazing the spray of fuel onto the

surface, provided the surface temperature was sufficiently high. 1t was also 5

found that the minimum surface temperature for ignition increased with
to determine the magnitude of the ignition

airflow, An investigation

temperatures required yielded results shown in Figure 23,

WK CACE TP, AATLAE €
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Figure 23. Hot Surface Temperature vs Air Flow Rate
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The re-ignition phemonenon was also investigated, Reference 4 indicates great
difficulty in re-igniting a fire after agent application when fuel flow is
maintained. In the present investigation, when extinguishant flowed for 20 to
30 seconds, it was observed that re-ignition would occur if the hot plate
temperature exceeded ignition conditions when the agent flow was stopped. The
probability of re-ignition was determined, as in initial ignition, by the
surface temperature versus air flow rate relationship shown in Figure 23. The
physical location of the fuel spray and the shape of the flameholder both
played a role in determining whether a sufficiently high surface temperature
could be maintained, following initial extinguishment of the fire, to allow

re-ignition.

For example, at low velocities the air velocity had no significant affect on
the fuel spray due to protection by the flameholder, and since the fuel! flow
was not reduced on fire extinguishment, the fue! spray impinged on and cooled
the surface below the required ignition temperature. As air velocity was
increased, the airflow was finally able to carry a major portion of the fuel
vapor downstream before it could contact the hot surface. Surface cooling was
reduced, and the probability of re-ignition increased.

The fire was localized, filling the flameholder Tlaterally and covering the
entire hot surface area (see Figure 24), In reducing the data, it was not
pocsible to correlate the data on 1n v versus 1/T plots because of the unknown
energy contributed to the fire by the hot surface. It was also found that hot
surface fires supplied with spray fuel were so persisent that blow-out
velocity could not be obtained at fuel flow rates of 3.90 1/hr, since maximum
test section velocity was limited to 25 m/s. Since blow-out velocity is
needed for data interpretation, jt was necesary to extrapolate the data to
zero agent concentration, Blow-out velocity was expected to increase with
surface temperature, but this was not immediately observable in the data plots
(Figure G-22A). A procedure was established to correct this problem,
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First, it was observed that the slopes of runs 301 and 302 (Figure G-22A) were
essentially identical. Run 301 was arbitrarily chosen as representative of
the correct slope which all runs should exhibit, Then, since test data at
gach of the other surface temperatures were expected to parallel data from run
301, the data of runs 302, 303 and 304 were fit to lines of the same slope as
run 301, The plots of runs 301, 302, 303, and 304 were then extended to the
y-axis (V/Vmax)' and the y-intercepts taken to be the representative
blow-out velocities for each condition (Table 12). Blow-out velocities now
display the expected behavior with surface temperature. These blow-out values
were inserted into the hot surface data and used for the purpose of data
correlation,

Table 12. Extrapolated Hot Surface Blow-out Velocity

BLOW-OUT VELOCITY (m/sec)
SURFACE TEMPERATURE (C) 20C AIRSTREAM 93C AIRSTREAM
n 13.7 --
677 25.8 --
732 28.8 --
788 34.0 35.2

A check of this technique was made following modification of the air supply
system to increase capacity. At 788C surface, 20C air condition, the blow-out
velocity was measured to be 32 m/sec thus confirming the validity of the
procedure described above.

The second column of Table 13 lists the volume percent of agent required (at
1.5 m/s in a 20C airstream), while the third column (assuming equal times for
which agent concentration must be sustained) shows the extinguishant weight
required compared to Halon 1301.




Table 13,

Agent tffectiveness in Extinguishing Hot Surface Fires
(20C Airstream, 788C Hot Surface).

AGENT

VOLUME PERCENT

RELATIVE WEIGHT

GN,
<

Halon 1301 3.5 1.0
002 34 2.9
LNy 34 1.8

56 3.0

Halon 1301 concentrations of approximately 3.5% were effective in controlling
independent of surface or air temperature. ¥
is chemical N

essentially
indication that the extinguishant mechanism

hot surface fires,
This
rather than physical in nature,

is a further

surface

airstreams ranged from 32% at 677C
LN2 results fall into the same range as C02.

requirements in

C02 20C
temperature to 34% at 788C.
GN2 requirements were 47% at 677C, and 56% at 788C surface temperature,

NEA requirements varjed with air temperature and surface temperature, Data

are presented in Table 14 at 20C airstream and 677C surface temperature; for
contrast, data are also shown at 20C airstream and 788C surface temperature.

NEA Requirements to Extinguish Hot Surface Fires,

Table 14,

93C AIR/788C SURFACE
AIR VELOCITY (m/s)

20C AIR/788C (m/s)
ATR VELOCITY (m/s)

20C AIR/677 SURFACE
AIR VELOCITY (m/s)

3.0 1.5 2.0 3.0

2,0

1.5

3.0

1.5 2.0

47
52
59
NEAq 67

43
47

54
61

35
39
45
50

56
62
68
70

51
57
62
64

a4
53
54
55

58
64
70
72

53
59
64
66

46
55
56
57




3.1.4 Combat Damage Fires
Combat damage was simuylated by a 1.91 cm diameter hole in the test section - 8 -
floor, A 1.91 cm diameter steel pipe was inserted through the hole, and -
flared on the inside of the test section to simulate the petalling caused by
combat damage (Figure 25); the top of the flare was 0.95 cmn above the floor,

The pipe was connected through a rotameter and a valve to the shop air supply
system. Air injected through the pipe models air flow from the exterior to

the interior of an engine compartment. The test fuel was JP-4 at a flow rate
of 3.9 1/hr, injected through a spray nozzle located upstream of the combat

damage site. It was experimentally found that the nozzle had to be aimed so
that the test section floor w:ss wetted to insure that fuel could enter the
separated zone created by the comhination of flared pipe and injected air
(Figure 26). The hot wire igniter was located aft of the damage site,

At the low airflows used

The pattern of the fire can be seen in Figure 26.
during ignition, the fire extended to the fuel nozzle, but as the airflow was
increased to the test condition, the flame moved to the rear of the air

injection port as shown by the heavier deposits on the floor.

The test matrix is shown in Table 15, the plotted data, in Figures G-30

through G-35,

Table 15. Combat Damage Fire Test Matrix
(JP-4 Fuel at 3.9 1/hr, Airstream Temperature 20C).

INJECTED AIR VOLUMETRIC FLOW RATE (1/s) 0 6.1 8.8 11.8

INJECTED AIR PRESSURE DiFFERENTIAL (kPa) 0 3.4 7.0 12.7 _
AGENTS GN, RUN NO. (401) (402) (403) (404) | S
| 8 ;

Halon RUN NO. (405) (406) (407) (408) -

Generally speaking, these fires were less stable than the pool, spray or hot

surface fires previously discussed. The flared pipe which protruded into the
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test section to simulate petalling of a surface due to ballistic penetration
served as a moderately effective flameholder, with a blow-out velocity of 9
m/s when no air was injected. As air was injected through the pipe at
progressively hijher rates, the flame became more stable; the blow-out
velocity increased to 10.5 m/s at the highest injection rate, 11.8 1/s, which
corresponds to a differential pressure of 12.7 kPa between the interior and
exterior of the test section. This pressure differential is considered
typical of the static pressure difference between the interior and exterior of
a nacelle. As usual, Halon 1301 was the more effective agent. Considering
the agent required to extinguish the most persistent combat damage simulation
fire, Table 16 compares the agents at 1.5 m/s test section velocity.

Table 16. Agent Effectiveness in Extinguishing Combat Damage Fires.

AGENT VOLUME PERCENT RELATIVE WEIGHT
Halon 6 1

GN2 42 1.32

The Halen 1301 concentration required is higher than that for pooi, spray, or
hot surface fires, because the fire is supplied with a considerable amount of
air at its site. This air, of course, contains no Halon 1301, and on mixing
with the test section flow considerably reduces the agent concentration, OCn

the other hand, GN2 requirements are relativeiy unaffected., Evidently, the

large amount of GN2 present and the small amount of injected air are such
that the GN2 concentration is nearly constant.

NtA data were obtained by conversion of the GN, data, and are shown in Table
17.

et I o S W b e e e A




Table 17. NEA Required to Extinguish Combat Damage Fires.

AIR VELOCITY (m/s)
AGENT 1.5 2.0 3.0
(VoL %)
GN, 32 35 3
NEA 44 37 28
NEAG 49 41 31
NEA 54 a6 35

3.2 FREE CONVECTION FIRE SIMULATION

Free convection compartment fire tests included pool, spray and hot surface
fires. The fires are characterized by the dominance of free convection
velocities induced by the fire over the velocities associated with air
entering the compartment. In the configuration of the test article, with its
long axis vertical (see Figure 3, Saction 2.2.2) the free convecticn
velocities could reach 2.4 m/s; the ventilating air velocity at the higher
flow rates approximately 1.0 m/s. Blow-out velocity is a meaningless term for
this type of fire because, by definition, all characteristic velocities are
very low. Air to sustain the fire was introduced through slots around the

pool circumference,

Two modes of extinguishing agent introduction were used. In the first mode
{pre-mixed), the agent was uniformly mixed into the ventilating air stream
using the extinguishant manifold and mixing section from the engine fire
tests., This permitted simulation of engine compartment zones where very low
ventilation velocities are encountered, 1In the second mode (injected), agent
was introduced through a single 1,27 cm diameter port 1ocated 0.23 m above the
flon~ of the test section, In a5 actual airplane system, agent would be
introdu d irto compartments such as wheei wells or dry bays through one or
more such ports,

8%
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3.2.1 Pool Fires
The same 10.16 x 10.16 ¢m square pool and electric igniter used in the forced

convection testing, were attached to the floorplate of the test section
(Figure 27). The ventilating air slots can be seen around the pool

circumference, and the single port extinguishant injection hole can be seen
above the pool., The fuel in the pool was replenished through a hole in the
pool's center. The test fuel was JP-4, the test extinguishants were GN2 and
Halon 1301, and two test section velocities were evaluated. Run numbers are
shown in Table 18, data plots in Figures G-36 through G-39.

Tabie 18. Free Convection Pool Fire Test Matrix
(JP-4 Fuel, Airstream Temperature 20C).

AIR VELOCITY (m/s) 0.30 .055

Premix

Inject

The appearance of the free convection pool fire differed greatly from the
engine compartment pool, 1in that the fire burned not only within the

boundaries of the pool as might be expected, but also traveled to and was

sustained above the incoming air slots, This was thought to occur because the
oxygen supply above the pool became depleted; vaporized fuel then mixed with

the incoming airstream to sustain the fire at one or more of the incoming air

slots.

These fires are relatively easy to extinguish. Halon 1301 at 3% by volume is

sufficient whether pre-mixed or injected. Nitrogen requirements showed

unusual behavior in the pre-mixed case, in that the percentage required

increased as ventilating velocity increased. There is considerable scatter in

the data at the lowest velocity, where the fire appeared relatively unstabie

once nitrogen flow began., It can be surmised that incipient oxygen starvation
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in combination with nitrogen mixed with the airstream made the fire easy to
extinguish, When nitrogen is injected above the fire, the fire is replenished
by air with standard oxygen content, and nitrogen must diffuse or be convected
to the fire site. At the higher velocities, test section turhbulence may be

more effective in bringing agent to the fire site,

NEA requirements ar2 generaliy modest, as shown in Table 19,

Table 19. NEA Required to Extinguish Free Convection Pool Fires.

AIR VELOCITY (m/s)

AGENT {PREMIXED AGENT) {INJECTED AGENT)
(VoL %)

0.30 0.55 0,30 0.55
GN2 10 20 42 12
NEA, 12 25 45 13
NEAg 15 30 48 15
NEA 20 39 50 18

3.2.2 Spray and Hot Surface Fires
The spray and hot surface fire simulations were conducted using a common

configuration, The hot surface panel, as constructed for the engine hot
surface fire test, was installed initially with the spray nczzle/flameholder
unit at the upper (exhaust) end of the test section., However, a very unstable

tame resulted in tests conducted both with and without power to the high
temperature surface, As in the earlier spray tests, it appeared necessary
that a flameholder be positioned between the air supply and the spray to
insure that sufficient quantities of fuel vapor were entrained. For this
reason, the position of the panel was reversed, placing the spray/flameholder
unit at the lower end of the test section as shown in Figures 28 and 29. The
resulting fires were quite stable. Ignition of the fuel was followed by an
intense fire which filled the entire test section. After 1-2 minutes excess
oxygen became depleted, and the fire size reduced and was concentrated in the
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Figure 29. Free Convection Hot Surface Spray. Flameholder Contiquration




space above the flameholder and adjacent to the hot surface. Test conditions

were as detailed in Table 20, using a JP-4 fuel flow rate of 3,90 1/hr;
plotted data is contained in Figures G-40 through 48,

Free Convection Spray/Hot Surface Test Matrix,

Table 20,

SURFACE TEMPERATURE

20C (SPRAY) 788C (HOT SURFACE )
AIR TEMPERATURE 3
20¢ 205¢ 20C : P
PREMI X INJECT PREMIX INJECT PREMIX INECT

GNp (606)

JP-41] Halon(602) Halon(605) Halon{607 Halon{608)
1301 1301 1301 1301

GN~(501)  GNp(603) | GNp(604)

Comparison of the spray and hol surface data in Table 21 indictes, as

expected, that the free convection hot surface fire is the more difficult to
In terms of agent g

extinguish than either tree convection pool or spray fires.
the forced convection hot surface fire still appears to .

¥
extinguishant was pre-mixed with

quantity, however,
represent the worst case. In each test,
air. NEA data presented was obtained by analysis,

Table 21. Agent Concentration Required to Extinguish Free

Convection Spray and Hot Surface Fires

PRE-MIXED 20% AIR/20°C SURFACE 20°C AIR/788°C SURFACE
AGENT AIR VELOCITY (m/s) AIR VELOCITY {m/s)
0.30 0.55 0.30 0.55
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3.3 NEA ANALYSIS VERIFICATION AND ADDITIONAL TESTING

Throughout the preceding discussion, the quantity of NEA required to
accomplish fire extinguishment has been reported in terms of percentages
calculated from gaseous nitrogen test results, The procedure for converting
the GN2 to the NEA, however, is based on the assumption that the air and
extinguishant flows are thoroughly mixed, as was accomplished 1in the
extinguishant testing discussed thus far. Based on the speculation that such

an ideal condition might not occur in an actual test situation, further tests
were conducted to determine whether the effectiveness of NEA could indeed be
predicted by calculation., Deviation from the calculated NEA requirement would
indicate lower mixing efficiency than was encountered with the other agents

BRI L

tested.

In addition to the NEA verification tests, it was of interest to establish the
dependence of agent effectiveness on application rate and duration, given that
existing fire suppression systems typically employ high rate, short teri
b discharge (HRSTD) of agent. For example, it could be hypothesized that a cne
second pulse applicatior of agent at a given flow rate would not have the same
fire extinguishing capability as the same flow rate applied in a steady state
node. The basis for the argument would be that one second may not pe a
sufficiently long period of time for mixing of the agent and the incoming air, ;?

or for interaction of the agent with the fire. 4

The tests showed this hypothesis is to be incorrect. The cruciai quantity is
agent concentration achieved, independent of time of application down to a

o o a2

minimum application time of one second (the shortest time tested) or less.

B e oy

In the earlier discussion of testing witn the hot surface configuratian,

surface cooling in the vicinity of the fuel spray was suggesied as the reison

v

why, in some cases, re-ignition of a fire failed to occur on shutoff af the
extinguishing agent, The possibility that this ccoiing factor rmay
quantitatively influence the test results prompted a series of tests to be
performed using a pre-vaporized fuel which in effect, would not provide tihe

SPRFOLV S

same cooling as the liquid.




Finally, an important part of this extinguishant effectiveness investigation
was to be, as previously mentioned, confirmation of the small scale test
results, in the Aircraft Engine Nacelle Fire Test Simulator (AENFTS), A
series of tests was conducted in the AENFT simulator during March 1981, to

which some of the small scale results can be compared.

3.3.1 NEA Verification
Again wusing the hot surface test setup configured to model the enyine
compartment as described in Section 3.1.3, test runs 303 and 304 were repeated
using premixed NEA9 as the extinguishant in place of GNZ‘ The NEA9 used
for this work was commercially obtained in 2200 psi cylinders in order to

0 ensure the correct quality of the gas (for NEA9, an oxygen content of

8.82 - 6,18% was guaranteed), and to
0 minimize the test set-up activities required

Hardware improvements made prior to the execution of these test runs included
the replacement of manual valves ESS-V-2A and 3 {see the test facility
schematic, Figure 7) with a timer-controlled solenoid valve and a throttle

valve with an adjustable regulator, respectively,

Tnhese changes were made for two purposes: first, to allow conservation of the
extinguishants, and second, to enable the time of extinguishant application to
be controlled, Previously, the test approach <called for the agent
cancentration to be found At which the fire was extinguished in 4 seconds or
less, After the fire was extinguished, the agent flow was allowed to continue
for 20-30 seconds while temperature, pressure, and flowrate deta was
recorded. As an alternative approsch, the solenoid valve timer was set at 4,0
seconds, and the regulator setting adjusted each time agent wes applied until
the proper agent flowrate was found. This alsc conserved agent and it was
possible to perform many more test runs from one extinguishant bottle,

Results of the test performed to confirm the wvalidity of the NEA9
requirement calculation are shown in Figures 30 anrd 31, rYor heated {788C) and
unheated (371C) surface conditions., The dashed 1lines are the calculated
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NEAQ requirement; the solid symbols represent fire knock-downs, the open
symbols, unsuccessful knock-down attempts. In both cases, good agreement was
obtained between the calculated and experimental NEA9 requirements,

An interesting result of this series of tests was the discovery that, unlike
the previous tests in which agent was allowed to flow for 20-30 seconds and

? re-ignition of the hot surface fires on agent shut-off was uncommon, permanent

) hot surface fire keep-down when the agent was applied in short bursts never . 2

; occurred. In effect, the cnoiing process was ton short tco allow reduction of E
the hot surface temperatures (in the vicinity of the fuel spray) below the

Shown in Figure 32 are traces

minimum temperature requirad for re-ignition.
of temperatures at 5 locations on the surface,

As might be expected, test runs in which power was not suppiied to the hot
tendency once the fires were initiaily

surtace showed no re-iguition

extinguished., Surface temperatures prior tc extinguishant application were
it can

already far below the minimum required for re-ignition, In effect,
safely be assumed that the same would occur for the other fire types

investigated earlier in the test program, i.e., the pool, snray, and combat
damage fires, in which the ignition source was deactivated prior to the agent

application,

3.3.2 Injection Time Comparison
tarlier, the installation of a timer-cortrolled solenoid valve to cortrol the

This modification permitted a

duration of agent application was discussed.
series of tests to be conducted to compare the effect of short term versus

tong term extinguishart applications.

The results of these tests are summarized in Table 22; the plotted data can be
found in Figures G-49 through 54. All volume percentages are calculated from

the average volumetric flowrates over the specified time interval,
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Table 22. Agent Requirement at Vaipr = 3,0 m/s,

INJECTION TIME (SEC) 1.0 2.0 3.0 4.0

788C SURFACE 35.5% --- --- 34.0%

GN>

371C SURFACE

SURFACE
SURFACE 45.0 48,0 47.0 43.0

788C
NEAg
371C

788C SURFACE 2.5

Halon
1301 371C SURFACE 5.0 - -- 2.5

1t appears that the difference in agent requiremant for varying extinguishant
is not statistically significant in the case of GN2 and
(no more than 2 or 3%) between the different

These results indicate that an inertant's
reached,

injection times
NEAg; percentage variation
injection times is very small,
effect is the came, once the
whether its presence is orief or extended.
true of Halon 1301, bhowever, which may be due to the difference in its

mechanism of fire suppression,
1501 required for suppression of fire on the 783C on the 371C surface with the

required minimum concentration is
The same ¢oes not appear to be

In particuiar, the volume percent ot Halon

1.0 second application was twice that of a 4.0 secong application.

As noted in the previous section {3.3.1), permanent fire suppression of the

surface fires could not be accomplished when the gaseous extinguishing

hot
As an added item of interest,

dgents were applied in single short bursts.
tast runs were performed with multiple bursts of agent appliad - one after
seconds between each burst. Agent ficws ware

arother with a delay of several
The result was tnat

0of sufficient concentration to cause fire knock-down,

while the fire re-ignited after the first and possibly the second burst of
extinguishant, it was extinguished permanently after a small number of these
Surface temperatures monitored during this process indicated
surface cooling continued for the

The heating
Therefore,

repetitions,
that each time the agents were applied,
duration of the agent flow, but heating resumed on re-ignition,

process, however, takes place at a slower rate tnan the cooling,
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each time the agent was applied, the temperature of the surface was at a lower
level than the previous application, After several bursts of agent, the
surface temperatures were below the minimum required for re-ignition., In
effect, this approach achiaves the same result as a single application of
agent of extended duration (20-30 seconds), but requires a much smaller
quantity of agent,

3.3.3 Propane-Funled Hot Surface Fire

In addition to the liquid fuel (primarily JP-4) used throughout this test
program, propane was used as the test fuel in order to explore the effect of
fuel vaporization from a hot surface on some of the observed instances of
permanent fire keep-down, The tests were conducted with a surface temperature
of 7880C, and an air temperature of 20°C. The fiow rate of propane used
was that providing the same heating value as the JP-4,

Little difference is evident in the minimum concentration of nitrogen required
for fire extinguishment, as shown in Figure 33, indicating that the degree of
fuel vaporization was not a strong variable 1n influencing the extinguishant
requirements, Neither was any difference evident in the re-ignition tendency
of propane compared to JP-4, Given a hot surface ignition source and agent

applied in a short (1-4 second) bursts, re-igniticn always occurred on agent
shut -off,

3.3.4 Large Scale/Small Scale Data Comparison

Based on results obtained in the small scale test program, tests were to be
performed in the large scale, Aircraft Engine Nacelle Fire Test Simulator
(AENFT) located at Wright-Patterson Air Force Base. The purpose of these
tests was to verify results produced in the small scale testing. Though tae
large scale simulator was unavailable for use at the scheduied time, a series
of tests performed later, during the facility checkout period was similar in

nature to the small scale work, and the data is presentec here for comparison.

Shown in Figure 34 is interior configuration of the large scale test section.
The AEN cross section 1is one-third of an annuius formed by two
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each time the agent was applied, the temperature of the surface was at a lower
level than the previous application., After several bursts of agent, the

quantity of agent,

surface temperatures were below the minimum required for re-ignition. 1In
effect, this approach achieves the saue result as a single application of
agent of extended duration (20-30 seconds), but requires a much smaller

3.3.3 Propane-fueled Hot Surface Fire
In addition to the liquid fuel (primarily JP-%} used throughout this test

program, propane was used as the test fue! in order to explore the effect of
fuel vaporization from a hot surface on some of the observed instances of
permanent fire keep-down. The tests were conducted with a surface temperature
of 7880C, and an air temperature of 20°C. The flow rate of propane used
was that providing the same heating value as the JP-4,

Little difference is evident in the minimum concentration of nitrogen reguired
for fire extinguishment, as shown in Fiqgure 33, indicatinag that the degree of
fuel vaporization was not a strong variabile in influencing the extinguishant
requirements., Neither was any difference evident in the re-igniticn tendency
of propane compared to JP-4, Given a hot surface ignition source and agent
applied in a short (1-4 second) bursts, re-ignition always occurred on agent

shut-off,

3.3,4 Large Scale/Small Scale Data Comparison

Based on results obtained in the small scale test program, tests were to be
performed in the Tlarge scale, Aircraft Engine Nacelle Fire Test Simulator
(AENFTY located at Wright-Patterson Air Force Rase. The purpose of these
tests was to verify results produced in the cmall scale testing. Though the
large scale simulator was unavailable for t the scheduled time, a series

of tests performed later, during the fac. checkout period was similar in

nature to the small scale work, and the data is presented here for comparison.

Shown in Figure 34 is interior configuration of the large scale test section,
The AEN «cross section is one-third of an annulus formed by two




cylinders, the inner cylinder being 0,76 m diameter and the outer cylinder
1.22 meters in diameter, and has an area of 0,23 m2. This secticn
approximates the full-sized engine cavity formed between the engine case and
the nacelie, For the small scale simulator, a rectangular cross-section was
used because the width of the test section renresented such a small "wedge" of
the annulus that it would be well approximated without curved surfaces., The
depth of the simulators was more similar - the small scale, 15.2 ¢cm, and the
large scale, 22.9 cm. The effective length of the large scale test section is
0.52 meters, compared to the 0,6' m, small scale section. Three flameholders
were mounted in series on the upper test section surface as shown in the
figure, and the fuel nozzle positioned about 7.6 c¢m upstream of the first

flameholder. A single flameholder was used in the small scale facility.

Tests were performed in the AEN using GN, NEA6, and NEAQ. A sufficient
number of data points were taken using GN2 (in the AEN) to allcw trends to
be visualized in the same manner as the small scale test data, again, 2y
plotting test section air velocity as a function of the concentration of

extinguishant (Figure 35), Too few data points were taken with NEA6 and

NEA9 for any trends to be seen, Gecmetric dissimilarities prevent & true
comparison of results obtained in the two facilities., Lines were drawn on the
figure for clarity, separating the regions where extinguishment did and did
not occur, and do not represent mathematical curve fits, Tests were performed

at velocities of approximately 2.1, 3.0, 5.5, 7.6, and 9.1 meters per second;

agent was discharged intc the air stream in about one second.

To make a better comparison, small scale data was taken with the test section
in the configuration most similar to that of the large scale is plotted
together with the Jlarge scale data. The same flamehoider/not surface
configuration was used as described in Section 3,1.3, The surfaces in tne
large scale simulator on which the fire stabilized reached temperatures around
370C, and the smali scale hot surface was also heated 1o this temperature
prior to agent application. Fuel flows of 4.5 1/hr and 33.8 1/hr, and cir
temperatures of 21C and 38C were used in the small and large scale test,
respectively.
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As is obvious from Figure 35, an inflection exists for the large facility data
in the concentration requirement at air velocities of 2-3 meters per second.
Without a characterization of the flow patterns in the AEN test section, yet
to be performed, no explanation is offered for the apparent discontinuity in

slope, The blowout velocity of a fire was found in the small scale work to be

geometry dependent; geometry effects have yet to be determined in the AEN, and

may contribute to the behavior of the fire,

SUMMARY OF RESULTS

3.4

In general, Halon 1301 was the most effective agent from the standpoint of
volume percent required to extinguish any of the fires studied. Next mo